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Abstract 
 

Faults experience both slow slip and fast, seismic-wave producing, rupture events perceived as 
earthquakes. These behaviors are often assumed to be separated in space and to occur on two different 
types of fault segments: one with stable, rate-strengthening, friction and the other with rate-weakening 
friction that leads to stick-slip. Our group has developed models in which stable, rate-strengthening 
behavior at low slip rates is combined with coseismic weakening, allowing unstable slip to occur in 
segments which can also creep between events. The implication that earthquake rupture may break 
through large portions of creeping segments - currently perceived as barriers - requires re-evaluation of 
seismic hazard in many areas, including California.  

In this project, we have explored the seismological and geodetic observables in fault models that 
allow for earthquake penetration into deeper, stably creeping fault extensions.  Our modeling suggest that 
the transition between the locked and fully creeping regions in such models can occur over a broad depth 
range. The effective locking depth, Delock, associated with concentrated loading and promotion of 
microseismicity, is located near the top of this transition zone; the geodetic locking depth, Dglock, inverted 
from surface geodetic observations, corresponds to the depth of fault creeping with approximately half of 
the long-term rate. Following large earthquakes, Delock either stays in place or becomes shallower due to 
creep penetrating into the shallower locked areas, whereas Dglock deepens as the slip deficit region 
expands, compensating for the afterslip. As the result, the two locking depths diverge in the late 
interseismic period, consistent with available seismic and geodetic observations from several major fault 
segments in Southern California. We find that Dglock provides a bound on the depth limit of large 
earthquakes in our models. 

We have also examined the effect of dynamic weakening on the source properties and interaction of 
the SF and LA repeaters, the targets of the SAFOD observatory.  One of the goals of our modeling is to 
reproduce the relatively high inferred stress drops of these repeaters (~30 MPa), which correspond to 
patch sizes consistent with the high degree of interaction of the SF and LA repeaters without overlapping 
of their sources.  To that end, we augment the standard rate-and-state model for the repeaters in two ways: 
by adding enhanced coseismic weakening in the form of thermal pressurization of pore fluids to the VW 
patch (M1) and by imposing locally elevated normal stress on the VW patch (M2). We find that both 
models can reasonably closely reproduce the source properties of the SF and LA repeaters, including the 
inferred relatively high stress drops, moment magnitude, recurrence interval, and triggering time of the 
interaction.  The models also place constraints on the properties of the surrounding velocity-strengthening 
region, an important contribution towards our ongoing work of using models to determine whether the 
creeping segment can be dynamically ruptured.  We have also started to explore the role of heterogeneity 
of friction properties as well as to develop a methodology for comparing our sources to seismological 
observations more directly. 
 The studies have put constraints on the properties of parts of the SAF; advanced our understanding of 
the types of frictional behavior relevant to fault slip, earthquake interaction, and earthquake nucleation 
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and triggering; and will eventually contribute to the evaluation of seismic hazard in California. The 
resulting better understanding of fault physics and seismic hazard will contribute to reduction of losses 
from earthquakes in the US. The research is well-aligned with the USGS Priority Topics in Research on 
Earthquake Physics. 
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1. Models of fault slip with rate-and-state friction and dynamic weakening 
 
Our studies supported by USGS have resulted in fault models capable of reproducing a number of 
observations on the San Andreas fault, such as scaling of small repeating earthquakes, their response to 
postseismic slip, relatively large stress drops and interaction of the LA and SF repeaters, quasi-periodic 
recurrence of the Mw 6 events and the associated post- and interseismic slip, and different behavior of 
microseismicity on different fault segments and the associated possibility of deeper penetration of large 
earthquakes (Chen and Lapusta, 2009; Chen et al., 2010; Barbot et al., 2012; Jiang and Lapusta, 2016, 
2017; Lui and Lapusta, 2016, 2017). The models and their extensions have been used to explore the 
potential for and consequences of deeper penetration of earthquake rupture into creeping fault extensions 
and the potential for dynamic rupture to propagate through creeping segments (Noda and Lapusta, 2013; 
Jiang and Lapusta, 2016, 2017; ongoing work).  
 Our models include two aspects of earthquake source physics that have been gaining acceptance and 
validation through laboratory experiments and comparison of earthquake models with observations.  
 The first one is the rate-and-state nature of fault friction at low, aseismic slip rates, conclusively 
documented in laboratory experiments and used to reproduce, both qualitatively and quantitatively, a 
number of earthquake-source observations (Dieterich, 2007; Scholz, 1998). Our previous studies 
supported by USGS have shown that the standard logarithmic rate and state formulations (Dieterich, 
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1979, 1981; Ruina, 1983; Blanpied et al., 1991, 1995; Beeler et al., 1994; Marone, 1998) allow us to 
match a number of basic observations regarding repeating earthquakes in the creeping section and quasi-
period Mw 6 events (Chen and Lapusta, 2009; Chen et al., 2010; Barbot et al., 2012). Such laws express 
the dependence of frictional shear strength  on the effective normal stress , slip rate V (which we 
also call slip velocity), and evolving properties (state) of the contact population represented by the state 
variable , through: 

                                 (1) 

where  is the normal traction, p is the pore pressure, , , a, b, and L are rate and state parameters, 

with L being the characteristic slip for state variable evolution, and  is the cut-off velocity of the order 
of 10-8 m/s. In these laws, the rate and state features result in small variations (of the order of 1-10%) 
from the baseline frictional strength given by . Despite being small, these variations are 
fundamentally important for physically and mathematically meaningful stability properties of frictional 
sliding (e.g., Rice, Lapusta, and Ranjith, 2001). In the steady state, (a − b) is the rate-and-state parameter 
that can be used to model both stable, velocity-strengthening (VS) fault segments (a − b > 0) and 
potentially seismic, velocity-weakening (VW) fault segments (a − b < 0). Equations (1) give several 
proposed forms for the state variable evolution; which of these laws does a better job of representing the 
range of available experimental results and serves as the best simplified representation of the state 
variable evolution for simulations of long-term slip is an active area of research (Kato and Tullis, 2001; 
Hori et al., 2004; Rubin and Ampuero, 2005; Bayart et al., 2006; Ampuero and Rubin, 2008; 
Bhattacharya et al., 2015). We have used all of these forms in our modeling, and the obtained results are 
qualitatively, and often quantitatively, similar. We mostly use the aging form, since it incorporates the 
physically sound notion of friction increase in stationary contact, a feature required for the production of 
slip pulses (Perrin et al., 1995), and it is the easiest to properly resolve numerically. However, we have 
been working on verifying the robustness of the important results by using the other two forms of the 
state variable evolution. 
 The second emerging property of the earthquake source is additional substantial fault weakening at 
seismic slip rates. While theories of such dynamic weakening have a long history (Sibson, 1973), 
relatively recent laboratory confirmations of this phenomenon (Tsutsumi and Shimamoto, 1997; Tullis, 
2007 and references therein) have put this notion on the earthquake science map. We have incorporated 
shear heating dynamic weakening mechanisms, such as flash heating and thermal pressurization, into our 
simulations, including those of repeating earthquakes (Lui and Lapusta, 2017). Dynamic weakening of 
creeping regions allows them to sustain seismic slip (Noda and Lapusta, 2010, 2013; Jiang and Lapusta, 
2016, 2017). One shear-heating weakening mechanism with laboratory support is flash heating (e.g., 
Goldsby and Tullis, 2003, Beeler and Tullis, 2003, Rice, 2006, Beeler et al. 2008, Goldsby and Tullis, 
2011), in which tips of contacting fault gouge grains heat up and weaken. Such weakening can be 
activated even for very small slips of the order of 10-100 microns if the shear strain rate is high enough. 
Another relevant mechanism is pore fluid pressurization (e.g., Sibson, 1973; Andrews, 2002; Bizzarri and 
Cocco, 2006a,b; Rice, 2006; Noda et al., 2009), in which rapid shearing raises the temperature and hence 
pore fluid pressure, lowering the effective normal stress and hence frictional resistance. To include flash 
heating and/or pore pressurization into our models, we modify the rate and state formulation (1) to  

,                                  (2) 

where  is the characteristic slip velocity at which flash heating starts to operate,  is the residual 
friction coefficient, and pore pressure p could be evolving due to shear heating as discussed below. Based 
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on laboratory experiments and flash heating theories,  is of the order of 0.1 m/s. Selecting much larger 

values of  than the seismic slip rates of the order of 1-10 m/s would effectively disable the additional 
weakening due to flash heating. The coupled temperature and pore pressure evolution is calculated by 
(Rice, 2006 and references therein, Noda et al., 2009, Noda and Lapusta, 2010): 

, ,                                               (3) 

where y is the space coordinate normal to the fault, T is the temperature, αth and αth are the thermal and 
hydraulic diffusivities, ω(y) is the heat generation rate the integral of which over the width w of the 
shearing layer equals to τfV, ρc is the specific heat, Λ is pore pressure change per unit temperature change 
under undrained condition. (Note that this formulation can also include inelastic dilatancy, as an 
additional term in the equation for the pore pressure evolution.) The heat source, ω(y), is distributed in a 
narrow shear zone around the fault. The standard assumption is to take this term to represent the effect of 
uniform sliding in the fault zone of thickness w.  
 In our simulations, spontaneous long-term slip history of a fault governed by constitutive relations (1-
5) and embedded into an elastic half-space is determined using the 3D simulation methodology of 
Lapusta and Liu (2009) and Noda and Lapusta (2010) developed with prior NSF and USGS support. The 
methodology incorporates slow tectonic-type loading and all dynamic effects of self-driven dynamic 
rupture. The algorithm allows us to treat accurately long deformation histories and to calculate, for each 
earthquake episode, initially quasi-static accelerating slip (nucleation process), the following dynamic 
rupture break-out and propagation, postseismic response, and ongoing slippage throughout the loading 
period in creeping fault region.  
 
2. Improved models of the SF/LA repeaters and the surrounding creeping segment 
 
As an important step towards creating realistic models that combine the Parkfield and creeping segment 
of the San Andreas fault and explore their interaction, including the possibility of dynamic rupture 
propagating through the creeping segment, we have been using the wealth of data on the SF and LA 
repeaters and their interaction to constrain friction properties of the creeping segment.  The creeping 
segment contains a number of repeating earthquakes sequences, which are events with highly correlated 
seismograms that translate into similar moment magnitudes and nearly identical locations. Small 
repeating earthquakes occur on a number of other faults and their observations have been used to study 
various aspects of earthquake physics and mechanics (e.g., Ellsworth and Dietz, 1990; Vidale et al., 1994; 
Marone et al., 1995; Nadeau and Johnson, 1998; Schaff et al., 1998; Nadeau and McEvilly, 1999, 2004; 
Bürgmann et al., 2000; Beeler et al., 2001; Sammis and Rice, 2001; Igarashi et al., 2003; Imanishi et al., 
2004; Nadeau et al., 2004; Schaff and Beroza, 2004; Matsubara et al., 2005; Allmann and Shearer, 2007; 
Chen et al., 2007; Rubinstein et al., 2012).   
 Many properties of these sequences have been successfully modeled as repeating ruptures of a VW 
patch embedded into a VS region (e.g., Chen and Lapusta, 2009; Lui and Lapusta, 2017; Figure 1). One 
of the most interesting observations about the repeaters is their scaling  (Nadeau and Johnson, 
1998) between the recurrence time T and seismic moment M0, which is significantly different from 

, the scaling that results in a simple conceptual model in which seismic events release all 
accumulated slip deficit VLT (where VL is the long-term creeping velocity of the segment) and have stress 
drop independent of the seismic moment. Moreover, the recurrence time for the smallest repeaters is 
significantly longer than expected for moderate stress drops of 10 MPa, translating into stress drops of 3-4 
GPa (3000-4000 MPa) for the simple model mentioned above (Nadeau and Johnson, 1998). Our models 
reproduce the observed scaling due to significant aseismic slip at the location of seismic events, with the 
fraction of aseismic slip being larger for smaller events. This makes sense based on stability studies of 
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Figure 1: (Top left) Repeating earthquake sequences on the portion of the Parkfield segment of the San 
Andreas Fault (modified  from Zoback et al., 2011). The SF and LA repeaters are spatially close to each 
other; source dimensions corresponding to 10 MPa stress drop (red and blue circles) would suggest that 
they are almost overlapping, while source dimensions based on 30 MPa stress drops (filled pink and light 
blue circles) as suggested by recent observations, indicate that they are separated in space, which explains 
why these are two separate, interacting repeating sequences.  (Top right)  The observed scaling  
(black line) between the recurrence time T and the seismic moment for all Parkfield repeaters has a 
different slope and much higher T than a standard theoretical scaling (blue line, see text).  Our models of 
Parkfield repeaters explain the observed scaling by significant aseismic slip at the location of the 
repeaters; the results for repeaters on patches of different radii are shown for M1 (blue dots), M2 (red 
dots), and M3 (purple dots) as discussed below (Lui and Lapusta, 2017) as well as for the models of Chen 
& Lapusta (2009) (green and orange dots).  (a-b) Models M1 with enhanced dynamic weakening in the 
VW patch and M2 with elevated normal stress in the VW patch, and the corresponding simulation results.  
Model M3 (not shown) combines some degree of enhanced dynamic weakening and elevated normal 
stress.  Both models reproduce events of about Mw 2 and average stress drops of 25-30 MPa.  Both 
models also have some variability in the moment and recurrence time of the events, more so in M2 which 
even has some much smaller, Mw ~0 events. 
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VW faults (Rice and Ruina, 1983; Rice et al., 2001; Rubin and Ampuero, 2005), since small enough VW 
patches would be below the nucleation size and hence completely aseismic. Our models confirm the idea 
of Beeler et al. (2001) that the observed scaling may be due to the presence of aseismic slip. 

 
Figure 2: (Left) Model set up for simulating interaction of the SF and LA repeating sequences. The LA 
patch is slightly below the nucleation size such that it can only slip seismically with external stress 
perturbation. (Right) Example of a SF event triggering an LA event shown through snapshots of slip 
rate over the fault (red: seismic, yellow to orange: postseismic, blue: near plate rate). The SF patch 
ruptures at t = 0 s (panel 1), sending a postseismic creeping front to the neighboring LA patch (panels 2 
and 3). The creeping front increases the shear stress on the LA patch (Lui and Lapusta, 2016) and 
triggers a seismic rupture there. 

 
 Our detailed modeling has been focused on the LA and SF repeaters, the main targets of the SAFOD 
experiment (Figure 1; Lui and Lapusta, 2016, 2017). These repeaters are characterized by two more 
interesting observations. The first one is their interaction before 2004 Parkfield event, with the LA events 
occurring within 24 hours of the SF events. The second is their relatively large stress drops, of 25-60 MPa 
on average, with local stress changes potentially as large as 90 MPa (Abercrombie, 1995, 2014; Nadeau 
and Johnson, 1998; Sammis et al., 1999; Dreger et al., 2007). We have created two types of models to 
reproduce the observations. In one type of models (M1 in Figure 1), the large stress drops are achieved by 
enhanced dynamic weakening due to thermal pressurization of pore fluids; with the narrowest shear zones 
and smallest hydraulic diffusivities cited in Rice (2006), the thermal pressurization is significant even for 
the Mw 2 events considered here. In the other type of models (M2 in Figure 1), a much elevated value of 
normal stress is assumed at the location of the repeaters, of ~600 MPa (e.g., due to a flattened “bump” on 
the slipping surface), with the weakening governed by the standard rate-and-state friction.  
 Both models can approximately reproduce relatively large average stress drops of ~30 MPa with local 
changes up to 80 MPa, along with the average moment and recurrence time, as well as the interaction 
between two sequences, with LA events occurring tens of seconds to hours after the SF ones.  The 
interaction occurs mainly due to the effect of postseismic slip between the two patches (Lui and Lapusta, 
2016, 2017; Figure 2). Matching the interaction time to minutes/hours has allowed us to constrain the VS 
properties of the creeping region between the repeaters. For the assumed properties of the VW patches 
that match the repeaters reasonably well and effective normal stress of 120 MPa assumed based on 
SAFOD inferences, our modeling suggests that the VS region has the rate-and-state property (a − b) in 
the range of 0.004 to 0.008. This is consistent with other studies in the area (Barbot, 2009; Chang, 2013) 
as well as laboratory experiments. 
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 Significantly, both models of the kind M1 and M2 are capable of reproducing the observed atypical 
Tr-Mo scaling relation (Figure 1, top right).  We vary the patch size to obtain repeating events ranging 
from Mw ~ 2 to 4 (blue and red dots in the Figure). Note that Vpl = 23 mm/yr in our models. We find that 
both models reproduce not only the observed scaling but also the absolute values of the recurrence times. 
This is because our events have stress drops around 25 to 35 MPa, ~4-5 times higher than those in Chen 
(2009). That is why they occur less frequently even for loading rate of 23 mm/yr, something the standard 
rate-and-state modeling of Chen (2009) could not achieve. However, the underlying reason for matching 
the scaling exponent is the same as in Chen (2009), which is the presence of significant aseismic slip on 
the patches, the fraction of which decreases as the patch, and hence patch-to-h* ratio, increases. 
Therefore, one can reproduce the observed scaling in two ways: (1) larger stress drops of ~30 MPa and 
inferred large-scale creeping rate of Vpl = 23 mm/yr as in our models M1-M2, or (2) more typical stress 
drops of ~7 MPa based on standard rate-and-state friction and smaller, at least locally, surrounding 
creeping rate of 4.5 mm/yr as in Chen (2009). 
 Observations show that even repeating events are not identical, with significant differences in seismic 
moment and recurrence time. For example, the average recurrence time T of the seven SF events before 
year 2004 is 2.9 years, with a standard deviation of 0.35 years. Furthermore, the repeating events are 
neither time-predictable nor slip-predictable (Rubinstein et al, 2012), which basically means, counter 
intuitively, that smaller recurrence intervals often follow larger events and that smaller events often 
follow larger recurrence intervals,   
 We find that some of this variability can be explained by complex slip dynamics in our models 
(Figure 3) with relatively simple distributions of friction properties, uniform within the VW and VS areas. 
For example, the interseismic period between repeaters E1 and E3 in Figure 3 is among the longest ones 
in that simulation, and yet the magnitude of E3 is among the smallest.  Such counterintuitive observation 
occurs in our model because of an aseismic transient between the events that culminates in a tiny event 
E3; the transient releases enough stress on the patch to both elongate the recurrence time and result in a 
somewhat smaller repeater afterwards.   
 At the same time, the presence of many repeating sequences in the creeping segment suggests that the 
friction properties in the area may be heterogeneous in general, with potentially smaller VW patches that 
remain aseismic (being smaller than the nucleation size) or produce much smaller seismic events but 
perturb the surrounding creep. Furthermore, the distribution of the VS properties can also be 
heterogeneous, given unsteady creep observed or inferred on the creeping segment (Schulz, 1989; 
Gladwin et al., 1994; Nadeau and McEvilly, 2004; Maurer and Johnson, 2014). We have started to 
explore the effects of VW/VS property distributions in terms of the resulting slip patterns, effects on 
nucleation, etc (ongoing work with Natalie Higgins and Kavya Sudhir), including simple patterns of 
properties as well as more complex distributions motivated by truncated random fields (e.g., Mai and 
Beroza, 2002, Brodsky et al., 2011).  
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Figure 3: Longer interseismic period resulting in a smaller repeater due to interseismic stress release. (a) 
Mw of the events in M2-b (Fig. 1), showing the repeating sequence (blue, including E1 and E3) and much 
smaller seismic events (green, including E2). The interseismic period is longer when additional events 
occur on the patch. (b) Slip velocity at the center of the VW patch between 10 to 14.5 years. (c) Snapshots 
of slip velocity on and around the VW patch (red open circle) during events E1-E3. E2 starts as a small 
seismic event that sends an aseismic slip transient through the entire patch and releases shear stress during 
the process. This mostly aseismic release of stress explains both the longer interseismic period before E1 
and the fact E3 is smaller than E1 by ~30%. 

 
 
3. Connecting depth limits of interseismic locking, microseismicity, and large earthquakes on 
mature strike-slip faults such as SAF 
 
Our modeling related to the areas of Mw 7.6 1999 Chi-Chi earthquake and Mw 9.0 2011 Tohoku-Oki 
earthquake revealed that earthquake rupture may break through large portions of creeping segments, due 
to co-seismic weakening such as the thermal pressurization of pore fluids discussed in section 1 (Noda 
and Lapusta, 2013). The possibility that creeping segments - currently perceived as barriers – may  
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Figure 4: Connecting the depth limits of interseismic locking, microseismicity, and large earthquakes in 
models of long-term fault slip (modified from Jiang and Lapusta, 2016; 2017).  (Top panels) Examples of 
fault models which incorporate depth-variable friction properties. In both cases, the low-velocity rate-and-
state properties are the same, with velocity-weakening (VW) region (white) embedded into velocity-
strengthening areas (yellow). However, the extent of dynamic weakening (DW, red lines) that occurs co-
seismically differs, being limited to the VW region in one model (M2, left) and extending deeper into the 
VS area in the other (M4, right). (Middle panels) The associated coseismic slip distribution during a 
typical large event (red color scale) and microseismicity before the event (blue circles) and after the event 
(red circles). The microseismicity is suppressed for the model with deeper slip penetration. (Bottom 
panels) Evolution of the locked-creeping transition in the two models (M2 and M4), as well as in the third 
model (M1) which has no DW.  The depths D0.1, D0.5, and D0.9, at which slip rates reach 0.1 Vpl, 0.5 Vpl, 
and 0.9 Vpl, respectively, where Vpl is the loading rate, are shown in red, orange, and yellow.  The 
corresponding geodetic locking depth Dglock, estimated from interseismic surface velocity using a 2-D 
elastic dislocation model and typical data uncertanties, is shown in blue. The black dashed line 
corresponds to the VW/VS transition. D0.1 corresponds to the microseismicity-promoting front; note that 
it is mostly below the VW region in M4, suppressing microseismicity.  D0.1 and D0.9 diverge toward the 
late interseismic period, due to the shrinkage of the effectively locked zone and the expansion of the slip 
deficit zone.  Dglock approximately corresponds to D0.5, deepens with time, and bounds the depth limit and 
potency release of large earthquakes in our models. 
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generate large seismic slip and hence significantly enlarge the size of the expected event, as may have 
occurred in the Mw 9.0 2011 Tohoku-Oki earthquakes, requires re-evaluation of seismic hazard in many 
areas, including California. 
 We have successfully applied this paradigm to exploring the possibility of deeper slip in large 
earthquakes on the SAF (Figure 6). It is typically assumed that all seismic slip is confined within the 
seismogenic zone - often defined by the extent of the background seismicity or geodetically determined 
locking depth - with regions below creeping. Fault models based on standard rate-and-state laws support 
such assumptions, interpreting the locked zones as areas of VW properties that allow for earthquake 
nucleation, and the deeper creeping fault extensions as areas of VS properties that inhibit earthquake slip. 
However, enhanced co-seismic weakening of fault friction could be active not only in the VW part of the 
fault but also in the deeper VS fault extensions. As earthquake rupture penetrates into the creeping fault 
areas, it significantly increases slip rates there, potentially activating the co-seismic weakening and 
turning the stable fault areas into seismogenic ones. Recent observational studies have suggested that 
earthquake rupture could penetrate into the deeper creeping regions (Shaw and Wesnousky, 2008), and 
yet deep slip is difficult to detect due to limited resolution of source inversions with depth.  
 We have developed models of faults with different depth-dependent friction properties around the 
bottom of the seismogenic zone to explore the relation between the depths of microseismicity, 
interseismic fault locking, and large earthquakes. Our simulations show that earthquakes indeed can 
penetrate into the deeper creeping fault extension, enabled by enhanced dynamic weakening at high slip 
rates. Depending on how deep coseismic slip reaches, the microseismicity at depth could be eliminated in 
most or all of the interseismic period due to the stress concentration front being located below the low-
rate VW zone that can nucleate small events (Jiang and Lapusta, 2016; Figure 6). Parts of the deeper 
creeping region that experienced coseismic slip and hence stress drop are locked right after a seismic 
event but start creeping relatively soon, resulting in the time-dependent decrease of locking depth with 
time. As a consequence, the locked-creeping transition zone can occur over a broad depth range. The 
extent of the zone and its evolution can be quantified by tracking the depths D0.1, D0.5, and D0.9, at which 
slip rates reach 0.1 Vpl, 0.5 Vpl, and 0.9 Vpl, respectively, where Vpl is the loading rate (Jiang and Lapusta, 
2017; Figure 6). D0.1 corresponds to the effective locking depth Delock which is associated with 
microseismicity due to concentrated loading. The geodetic locking depth Dglock, estimated from 
interseismic surface velocity using a 2-D elastic dislocation model, approximately corresponds to the 
location of D0.5, which can be explained by theoretical reasoning (Jiang and Lapusta, 2017).  
 We find the divergence of the two depths, depth Delock and Dglock, diverge toward the late interseismic 
period, due to the shrinkage of the effectively locked zone and the expansion of the slip deficit zone. This 
divergence reflects the extent of deeper coseismic rupture and/or postseismic slip. Our model predictions 
are consistent with the available seismic and geodetic observations of the Carrizo and Coachella segments 
on the San Andreas fault, where the depth of microseismicity is shallower than the geodetically estimated 
locking depth. 
 The effective locking depth Delock  = D0.1 (by our definition) corresponds to higher stressing rates than 
the ones shallower, due to the creep in the neighboring transition zone, and hence it is relevant to 
microseismicity at transitional depths (Fig. 5). In the interseismic period, the upper extent of the 
microseismicity approximately corresponds to the effective locking depth Delock (Fig. 5) even though there 
are nucleation-promoting patches shallower in our model.  This is because Delock marks the top of the 
locked-creeping transition zone, throughout which the fault creep rates vary and concentrated stressing 
arises. If the enhanced stressing is located within the VW fault areas, as in models M1-M3, 
microseismicity is promoted, in particular, at locations of fault heterogeneity.  Such considerations are 
supported by the strong correlation between the decreasing Delock and shallower seismicity in M1 as well 
as the near-constant depth of both in M2 and M3. Model M4 demonstrates that when Delock is deeper than 
the VW/VS transition, microseismicity is largely absent, occurring mostly on deeper patches positioned 
for generality. 
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Figure 5: Time evolution of the effective locking depth, D0.1, and microseismicity in our models. (A) The 
depth distribution of the nucleation-prone VW patches that promote microseismicity. The horizontal 
spacing between patches is arbitrarily scaled to focus on the depth. (B–D) The evolution of D0.1 (red 
dotted lines and red-colored areas) and microseismicity (grey dots) in M1–M4. D0.1 is estimated for the 
along-strike interval of x = [-20, 20] km, with red dotted lines indicating the mean values of D0.1 and red-
colored areas indicating the one-standard-deviation range over the along-strike interval. The VW/VS 
boundary and depth limit of DW are denoted by the blue dashed and orange horizontal lines, respectively. 
Note that D0.1 corresponds well to the upper extent of the microseismicity and its evolution. 
 

 When Delock is above the VW/VS transition, most of the microseismicity occurs in or right next to the 
band between the (shallower) Delock and (deeper) VW/VS transition. Hence the microseismicity forms a 
prominent and relatively narrow band, the width of which approximately corresponds to the large-scale 
nucleation size h* and the depth of which corresponds to the bottom cutoff of microseismicity Dseis, since 
not many seismic events can occur spontaneously in the deeper VS fault extensions. If the band does not 
exist, i.e. Delock is deeper than the VW/VS transition, then there is no pronounced microseismicity at the 
transition (M4) (Jiang and Lapusta 2016). 
 In the postseismic periods of all four models, deeper aftershocks (i.e., between 18 and 21 km depth) 
appear for a limited time following large earthquake ruptures. These aftershocks occur on patches that do 
not produce seismicity in the interseismic period, because their sizes are chosen to be below the quasi-
static estimate of the nucleation size. Nucleation of these aftershocks on the VW patches of subcritical 
sizes is made possible by the accelerated postseismic fault slip rates, indicating that the nucleation size 
depends on the loading rates, as was noted in earlier studies (Kaneko and Lapusta, 2008).  Note that such 
transient deep aftershocks have been observed after a number of large earthquakes (Doser and Kanamori, 
1986; Schaff et al., 2002; Rolandone et al., 2004; Jiang and Lapusta, 2016). 

We find that the depth extent of large earthquake ruptures, Drupt, is shallower than the geodetically 
estimated locking depth Dglock in the late interseismic period (Figure 6) and the closely related D0.5. Such a 
relation can be explained from fault-slip partitioning with depth. Given the quasi-periodic nature of large 
earthquakes in our models, long-term fault slip at the plate rate is approximately balanced by the 
combination of co-, post-, and inter-seismic slip for each cycle (i.e., each large seismic event and the 
following post- and inter-seismic period). If, around the depth of Drupt and shallower, much of the slip 
budget is accommodated by coseismic and postseismic slip, as occurs in our models, then not much is left 
for interseismic slip, and hence Dglock, which represent the combined effect of the entire interseismic 
transition zone, tends to be deeper than Drupt. In the extreme case with no postseismic slip, Drupt would be 
deeper than Dglock, since the fault regions below Drupt would have to slip with the long-term slip rate Vpl 
and any interseismic slip penetrating up, into the seismically ruptured domain, would make Dglock 
shallower than Dglock. In our scenarios with significant postseismic slip, the geodetic locking depth Dglock 
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in the late interseismic period is at or below the rupture depth Drupt. We have also considered cases with 
much smaller postseismic slip; Drupt and Dglock are nearly the same in those cases as well.  
 

 
Figure 6: The slip budget during a seismic cycle is highlighted along a depth profile located at 7 km along 
the strike, with a coseismic period outlined by red lines and the ensuing post- and inter-seismic period 
indicated by five representative times in blue (0.1T, 0.2T, 0.4T, 0.8T and T from left to right, where T is 
the earthquake recurrence interval). The cumulative fault slip (gray lines) is plotted for the coseismic 
period with intervals of 0.5 s (M1) and 1 s (the other models) and for aseismic periods with intervals of 2 
yr (M1) and 10 yr (the other models). Depths D0.1, D0.5, and D0.9 are estimated for a late interseismic 
period (0.8T) and indicated by red, orange, and yellow arrows, respectively. The geodetic locking depth, 
Dglock estimated for a 10-yr time period centered around 0.8T, is indicated by the blue arrow. The depth 
extent of large earthquake rupture, Drupt, is indicated by the purple arrow. The cumulative fault slip is 
offset by the total slip prior to the large event. The low-velocity VW/VS boundary is marked by the black 
dashed line. 

 Therefore, for a range of models, Dglock in the late interseismic period provides an upper bound on the 
depth of large earthquakes, making it relevant to seismic hazard. How reliable this bound would be in 
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practice depends on the accuracy of Dglock, which is susceptible to strong trade-offs with the long-term 
fault slip rate and quite sensitive to model assumptions. 
 
4. Understanding the seismological observables from our seismic sources 
 
We have developed a capability of computing synthetic seismograms for small events produced in our 
models (Lin and Lapusta, 2016), starting with far-field expressions based on elastic Green’s functions 
(e.g., Aki and Richards, 2002; Kaneko and Shearer, 2014, 2015). We plan to eventually incorporate 
attenuation and noise. The synthetic seismograms can be used to determine seismological observables for 
repeating earthquakes produced in our models, including event durations, source sizes, and stress drops, 
in the same way as it is done for natural events (e.g., Madariaga, 1967; Brune, 1970, 1971; Sato and 
Hirasawa, 1973; Kanamori and Anderson, 1975; Ide and Beroza, 2001; Allmann and Shearer, 2009; 
Baltay et al, 2011; Hauksson et al, 2012; Abercrombie, 2014; Figure 7). This will enable us to determine 
how well the seismologically estimated quantities correspond to the actual source properties that are fully 
known for our dynamic sources. Such comparison studies for some simple dynamic source models 
showed potential large discrepancies (Kaneko and Shearer, 2014, 2015) confirmed by our preliminary 
studies of generic sources. In particular, we would like to examine whether the large average stress drops 
that we obtain in our source models of the SF and LA repeaters would be correctly estimated from 
synthetic seismograms, and determine the most realistic sources in our models by comparison of our 
synthetic seismograms with the observed ones.  
 We have also investigated whether dynamic weakening used in our models is consistent with the 
observation of magnitude-independent stress drops.  At first glance, these two observations seem 
incompatible.  Larger events may experience greater weakening and should thus have lower final stresses, 
leading to an increase in stress drop with event size.  However, our results show that models with 
dynamic weakening can produce magnitude-invariant stress drops for a range of event sizes.  This is due 
to larger events having lower average prestress when compared to smaller events.  The additional 
weakening would allow the final stresses to also be lower, but the stress drops remain invariant.  We 
observe larger initial stresses for smaller events as compared to medium-sized events, and we get roughly 
constant stress drops for events spanning up to five orders of magnitude in moment (Perry and Lapusta, 
2016). 
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